Regenerative therapy with stem cell transplantation is used to treat various diseases such as coronary syndrome and Buerger's disease. For instance, stem-cell transplantation into the infarcted myocardium is an innovative and promising strategy for treating heart failure due to ischemic heart disease. Basic studies using small animals have shown that transplanted cells improve blood flow in the infarcted region. Magnetic resonance imaging (MRI) can noninvasively identify and track transplanted cells labeled with superparamagnetic iron oxide (SPIO). Although clinical regenerative therapies have been clinically applied to patients, the fate of implanted cells remains unknown. In addition, follow-up studies have shown that some adverse events can occur after recovery. Therefore, the present study evaluated the ability of MRI using a 3T scanner to track implanted peripheral blood mononuclear cells labeled with SPIO on days 0 and 7 after intramuscular (i.m.) and intravenous (i.v.) injection into a cynomolgus monkey. Labeled cells were visualized at the liver and triceps surae muscle on MR images using T1-and T2-weighted sequences and histologically localized by Prussian blue staining. The transplanted cells were tracked without abnormal clinical manifestations throughout this study. Hence, MRI of cynomolgus monkey transplanted SPIO-labeled cells is a safe and efficient method of tracking labeled cells that could help to determine the mechanisms involved in regenerative therapy.
Introduction
regenerative medicine based on stem cell transplantation has been applied in efforts to treat ischemic diseases such as myocardial infarction, angina pectoris, buerger's disease, and chronic arteriosclerosis obliterans. Presently 500,000-800,000 and 10,000-12,000 patients in japan have arteriosclerosis obliterans (aso) and buerger's disease, respectively. Patients with peripheral artery ischemia in all four limbs require quadruple amputation if surgery and medical therapy are ineffective. Vascular regenerative therapies have recently attracted interest as a means of improving the quality of life of such patients. Cardiovascular cell tracking studies are presently being implemented at the preclinical stage, whereas the number of clinical trials of stem cell therapies is rapidly increasing. some preliminary human trials of stem cell therapy have delivered promising results in terms of treating left ventricular dysfunction that arises after myocardial infarction and using mrI to assess outcomes [8, 10, 22] . however, others have been less positive [14, 17] . according to the trans-atlantic Inter-society Consensus Document on management of Peripheral arterial Disease (tasC) [7] and tasCII, therapeutic angiogenesis and/or regenerative therapy have been carried out at several facilities by transplanting autologous cells derived from bone marrow. Insurance coverage for such therapy was approved in 2003 to treat aso and buerger's disease [25] . unfortunately, regenerative therapy is currently only available to patients who satisfy the selection criteria for a likely cure as judged by the hospital that they attend. although the selection criteria are adequate, follow-up studies have shown that adverse events such as exacerbation of cutaneous ulceration, pain at rest, and sudden death can occur after the area affected by buerger's disease is improved [17, 25] . basic studies using small animals have shown that transplanted cells improve blood flow in regions of infarction [5, 24] . one approach to understanding the mechanism of the improvement induced by regenerative medicine is to track magnetically-labeled transplanted cells using magnetic resonance imaging (mrI) [11, 16] , and another is to detect cells after transplantation using superparamagnetic iron oxide (sPIo) and/or mrI [26] . however, such studies have not yet been implemented in humans or other large animal species, which might be far more appropriate preclinical models than small animals. among large animals, nonhuman primates should be excellent models because of their close phylogenetic relationship to humans [1, 15, 27] . although there is some disapprobation, labeling with sPIo does not exert short or long-term toxic effects on tumors or normal cells [22, 30] . Ferumoxide (Feridex) and ferucarbotran (resovist) are included in sPIo used in mrI analyses [3, 9] . these agents distort the magnetic field, shorten the T2 relaxation time, and generate signal voids (black spots) in t2-weighted mr images. the major differences between them are the concentration of iron in the stock solution (11.2 vs. 0.45 mg Fe/ ml) and particle size (120-180 vs. ~60 nm) [29] . Feridex labels murine macrophage-like cells via receptor-mediated endocytosis [20, 21] . here we determined and applied the optimal sPIo concentration required to label cells. We then used 3t mrI to track labeled cells at days 0 and 7 at the gastrocnemius muscle and liver after transplantation, respectively. We compared the data obtained from tracking the labeled cells to identify the spontaneous disappearance of sPIo after implantation. as mentioned above, we used two types of sPIo, Feridex and resovist, to label peripheral blood mononucleated cells. because of the bigger size and better Prussian blue stainability of Feridex than resovist, we mixed cells labeled with Feridex and resovist to maximize sPIo signals on mr images before injection into cynomolgus monkey. We also analyzed the survival rates of cells labeled with Feridex and resovist individually before mixing the two to identify the effect of particle size on cell damage. Finally, we established a way to track transplanted cells in cynomolgus monkeys and evaluate the safety and efficacy of regenerative medicine using MRI and SPIO.
Materials and Methods

Animals
the present study utilized 5-year-old mature male cynomolgus monkey that weighed 4.5 kg and had been bred and maintained at the tsukuba Primate research Center (Ibaraki, japan). this study proceeded according to the rules for animal Care and management of tsukuba Primate Center [13] and the guiding Principles for animal experiments using nonhuman Primates formulated by the Primate society of japan [19] . the animal Welfare and animal Care Committee of the national Institutes of biomedical Innovation, health and nutrition (nIbIohn, osaka, japan) approved the experimental protocol. all animal facilities had individualized but comparable protocols for inducing anesthesia in nonhuman primates [28] . We collected peripheral blood mononuclear cells (PbmCs) from the monkey under general anesthesia induced by ketamine hydrochloride (Ketalar, 10 mg/kg; i.m.) (sankyo, tokyo, japan) as described previously [2] .
Isolation of PBMCs and labelling with SPIO particles
Peripheral blood mononuclear cells isolated from whole blood were purified by density gradient centrifugation using Ficoll-Paque (amersham biosciences) as described for bone marrow cells [23] and washed twice with phosphate-buffer saline (Pbs). the cells were hemolyzed at 37°C for a few mins using ammonium chloride-potassium lysis buffer (aCK), washed, and brought to a density of 1 × 10 7 /ml. the cells were then cultured and maintained in rPmI1640 (Wako Pure Chemical Industries, Ltd., osaka, japan) with 10% fetal bovine serum (Fbs; biosource, rockville, mD, usa) supplemented with 0.1 mg/ml streptomycin (meiji seika Co., tokyo, japan) and 100 u/ml penicillin (banyu Pharmaceutical Co., tokyo, japan) in six-well plates at 37°C under a 5% Co 2 atmosphere. Cells (1 × 10 7 /ml medium) were labeled with 100%, 10%, 1%, and 0.1% ratios of each sPIo stock solution for 12 h. Viability and the concentrations of ferucarbotran (resovist, bayer schering Pharma, berlin, germany, http://www.bayerhealthcare. com) and ferumoxide (Feridex I.V., amag Pharmaceuticals, Lexington, ma, usa; http://www.amagpharma. com) were measured as described below. Feridex-and resovist-labeled PbmCs were mixed and washed in Pbs, trypsinized, washed, and resuspended in Pbs. Finally, 5.5 × 10 7 and 6.6 × 10 6 PbmCs/ml were respectively labeled with resovist and Feridex.
Staining methods, cell viability, and SPIO content
after sPIo labeling, PbmCs were washed, and then the cell viability and sPIo content were measured to assess the efficiency of the labeling and to histologically compare Feridex and resovist labeling using trypan blue staining of cultured cells and Prussian blue staining [9] of cytospin specimens that were fixed with 4% paraformaldehyde for 15 min. the specimens were incubated for 30 min with 2% potassium ferrocyanide in 2% hydrochloric acid and counterstained with nuclear fast red to visualize intracellular sPIo and cell profiles. When the cells stained positive for Prussian blue, sPIo appeared as blue intracellular precipitates. We then compared viability of PbmCs labeled with Feridex and resovist and the ratio of the iron content. We established the final labeling of Feridex and Resovist concentrations based on the findings of these procedures. Cell viability was determined before injecting them into the monkey.
Transplantation
after sPIo labeling for 12 h, we transplanted the labeled PbmCs. to avoid the destruction of implanted cells caused by the injection pressure and tight junctions of myocytes, we decided to inject all the labeled cells in small amounts at each site separately but as closely together as possible. Four regions of the gastrocnemius of cynomolgus monkey were transplanted i.m. with a 1-ml suspension of 2.7 × 10 7 sPIo-labeled PbmCs using a 22-gauge needle. thereafter, an 11-ml suspension of 2.7 × 10 8 PbmCs was injected into the saphenous vein using a 22-gauge intravenous cannula (terumo, tokyo, japan). the administered volume of cells was increased by mixing the PbmCs labeled with the two types of sPIos. these procedures were accomplished under general anesthesia that was induced with ketamine hydrochloride (Ketalar, 10 mg/kg; sankyo, tokyo, japan) as described above and maintained with isoflurane (Aestiva/5; GE healthcare, madison, WI, usa). the monkey exhibited no clinical signs or symptoms after transplantation.
MR imaging
transplanted cells labeled with sPIo can be noninvasively identified and tracked using MRI. We compared mr images acquired from transplanted monkey using a 3t mr scanner (magnetom allegra; siemens, erlangen, germany) on days 0 and day 7 with those acquired before transplantation. monkey was placed in the dorsal position with a head coil, and anesthesia was maintained with ketamine hydrochloride and isoflurane during assessment by 3t mr using eCg and respiratory gating. t1-and t2-weighted images were acquired using the following parameters: TR, 4000; TE, 18; field of view, 180*180; slice thickness, 700 µm.
Histological analysis
after acquiring the mr imaging on day 7, a monkey was deeply anaesthetized with a lethal dose of sodium pentobarbital. tissue samples of the gastrocnemius muscle and liver were obtained by necropsy. those tissues were fixed in 10% neutral buffered formalin, processed routinely, and embedded in paraffin wax. Sections (4 µm) were deparaffinized and stained with Prussian blue to assess Feridex and resovist labeling in PbmCs. We also performed immunostaining of transplanted cells. Sections were incubated free floating in anti-CD68 mouse monoclonal antibody solution (clone KP1, Dako; 1 in 100 dilution) at 4°C overnight. Following brief washes with a buffer, the sections were sequentially incubated with biotinylated goat anti-mouse Igg, followed by streptavidin-alkaline phosphatase (Dako).
Results
Viability of labeled cells
First of all, we verified that there were no differences in the viabilities with labeled and non-labeled cells, and the viability of the labeled cells was>90% regardless of the Feridex and resovist concentrations (table 1) . the sPIo concentration of 1% stock solution/ml of medium generated clear images of sPIo-labeled phagocytized cells. Cell viability did not differ between the two types of sPIo, although cells labeled with Feridex using cytospin were exceptionally clear. Figures 1a and 1b show images of PbmCs labeled with 1% Feridex and 1% resovist. Feridex particles are larger than resovist particles. We therefore considered that a 1% stock solution/ ml of these particles was optimal. Cells were co-incubated with sPIo and then injected into cynomolgus monkey.
Tracking labeled PBMCs with MRI
We injected 2.7 × 10 7 and 2.7 × 10 8 PbmCs labeled with Feridex and resovist into the triceps surae muscle and saphenous vein, respectively, of the monkey and then assessed the location of the cells using mrI on days 0 and 7. throughout Figs. 2 and 3 , we regarded the left triceps surae muscle as the control for the pre-injected state. this is because we ensured that we injected the labeled cells into the muscles directly without any backward flow of blood and there is an extremely low possibility that the labeled cells flow into blood vessels by intramuscular injection. Figures 2a and 2C and 3a show t1-and t2-weighted images, respectively, of the long axis of the triceps surae muscle on day 0. Figures 4a and  4b shows t1-and t2-weighted images of the short axis of the liver soon after injection on day 0. In addition, Figs. 4C and 4D shows t1-and t2-weighted images of injected non-labeled cells in the same position. White arrows show sPIo signals from PbmCs indicating the remains of implanted, labeled cells. Figures 2b and 2D and 3b show t1-and t2-weighted images, respectively, of the triceps surae muscle at 7 days after injection. the intensity of the sPIo signals in the muscle remained unchanged at the same site when compared with the intensity on day 0. however, mrI did not detect any signals from the liver at 7 days after injection (data not shown).
Histopathological analysis
microscopically, some labeled cells stained with Prussian blue were observed in the triceps surae muscle as the blue accumulation spot (Fig. 5) , and these cells were identified as macrophages by CD68 immunostaining (data not shown); thus they indicated the remains of transplanted cells labeled by the iron particles of sPIo. We verified the remains of labeled cells as Prussian bluepositive cells not only at the site of the triceps surae but also in the right lateral segment of the liver, though there were no accumulation spots in the liver (data not shown). Discussion the harmful effects of sPIo have been debated [4, 22, 30] . We found here that two types sPIo were not cytotoxic and that the experimental monkey did not develop any clinical signs or symptoms throughout the study. mr imaging of the triceps surae muscle on day 7 showed that clear sPIo signals still remained. though the black spots of some injections became ambiguous, the edges of the spots were still clearly visible. It is possible to visualize the accumulated and engrafted and/or scarred implanted sPIo-labeled cells because an mrI scanner can catch the signals of a small amount of sPIo. the mr image of the external side of the right hepatic lobe on day 7 indicated that cellular migration might be one factor affecting the disappearance of the sPIo signals from implanted cells, though the mr image of the triceps surae muscle did not show a decrease in sPIo signals compared with day 0. that is to say, transplantation intramuscularly might result in more implanted cells remaining than transplantation intravenously. although histopathological analysis also showed a few Prussian blue-positive cells in the liver on day 7 on mrI, we could not determine whether the cells were implanted cells or endogenous iron. the possibility of distinguishing implanted cells from endogenous iron in hepatocytes and Kupffer's cells is the subject of future research. these findings, however, indicated that cells implanted i.v. might not reach targeted areas such as the liver, because they might become trapped and rejected as foreign matter. We therefore inferred that i.v. implantation of cells would not be useful as a regenerative medicine approach because of such trapping by various organs. Injecting stem cells directly into a targeted site would be more effective than transvenous delivery for clinical applications. In addition, allograft transplantation is suitable for preclinical studies in nonhuman primates because even patients who have disorders of the hematopoietic system can receive this treatment. however, it has the demerit of requiring complicated procedures such as immunosuppressive therapy and mhC matching test. therefore, we established this cell tracking system by autologous transplantation in cynomolgus monkeys. Furthermore, this autologous transplantation system could be suitable for some preclinical studies using iPs cells derived from individual patients such as in the case of personalized medicine [18, 31] . one goal of this manuscript was to provide sufficient information concerning this cell tracking system for those investigators who may need to perform cell implantation in nonhuman primates and thus require details about the methodology and outcome using a nonhuman primate model. In summary, we showed that mr imaging could noninvasively, safely, and effectively track transplanted cells labeled with sPIo in the cynomolgus monkey. thus, the system can be used to evaluate and assess the safety and applicability of regenerative medicine techniques and help to disclose the mechanism (s) of such techniques. more trials are required to refine the protocol for regenerative medicine. Fluorescent iron particles (FIPs) have also been tracked using mrI. because FIPs are larger than sPIo, they should also be visualized using fluorescence and confocal fluorescence microscopy and/or FACS in addition to mrI [6, 12] . We plan to establish more novel systems to track other cell types based on mrI with FIPs to make them more clinically applicable.
